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About 10 per cent of birds’ eggs fail to hatch, but
the incidence of failure can be much higher in
endangered species. Most studies fail to distinguish
between infertility (due to a lack of sperm) and
embryo mortality as the cause of hatching failure,
yet doing so is crucial in order to understand the
underlying problem. Using newly validated tech-
niques to visualize sperm and embryonic tissue,
we assessed the fertility status of unhatched eggs
of five endangered species, including both wild
and captive birds. All eggs were classified as ‘infer-
tile’ when collected, but most were actually fertile
with numerous sperm on the ovum. Eggs of cap-
tive birds had fewer sperm and were more likely
to be infertile than those of wild birds. Our find-
ings raise important questions regarding the
management of captive breeding programmes.
Keywords: helmeted honeyeater; hihi; captive
breeding; orange-bellied parrot; Spix’s macaw;
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1. INTRODUCTION
Hatching failure is common in birds [1], especially in
endangered species [2–8]. Understanding why eggs
fail to hatch is crucial for conservation strategies target-
ing endangered birds, particularly in captive breeding
programmes. Hatching failure can result from either
(i) failure of the ovum to be fertilized or (ii) failure of
the fertilized ovum to develop and hatch [9–11].
Distinguishing between these two causes of hatching
failure is important: infertility may result from insuffi-
cient or defective sperm [12–14], possibly reflecting
poor male health/quality or copulation failure, whereas
embryo mortality may more probably be influenced
by maternal condition, environmental factors and
inbreeding depression [15–23].
To date, few studies of hatching failure in birds have
distinguished between infertility and embryo mortality
[2,24]. Although some researchers have opened eggs
to check for embryo development [2,4,6,25,26],
ambiguity remains if there is no obvious sign of
development [27]. Brekke et al. [6], for example,
were unable to detect hihi (Notiomystis cincta) embryos
that died in the first 3.5 days of incubation and were
therefore unable to identify the cause of hatching
failure in 72 per cent of unhatched eggs. In poultry,
most embryo death occurs early in development
(including the period between fertilization and ovi-
position; [22,28]). Simple macroscopic examination
(as described above) will therefore over-estimate
infertility. Here, we use new methods [11] to deter-
mine the fertility of, and number of sperm in,
unhatched eggs from five endangered species.
2. MATERIAL AND METHODS
Unhatched eggs were collected several days after the incubation
period was complete, from helmeted honeyeaters (Lichenostomus
melanops cassidix; n ¼ 23), hihi (n ¼ 120), orange-bellied parrots (Neo-
phema chrysogaster; n ¼ 146), Spix’s macaws (Cyanopsitta spixii; n ¼
40) and yellow-shouldered Amazon parrots (Amazona barbadensis;
n ¼ 10). The hihi and yellow-shouldered Amazon parrots were wild;
the orange-bellied parrots and Spix’s macaws were captive. Of the
helmeted honeyeater eggs, four were from wild birds and 19 were
from captive birds.
The researchers who collected the eggs inspected their contents
for any embryo development, and all were classified as ‘infertile’.
After this initial inspection, egg contents were preserved in 5 per
cent formalin and stored until detailed examination. Where possible
(when the ovum was intact), the diameter of the fixed ovum (yolk)
was measured to the nearest 0.1 mm using Vernier calipers.
All of the perivitelline layer (PVL) found in each sample was
cleaned thoroughly and examined for the presence of sperm, follow-
ing the procedure described in the study of Birkhead et al. [11]
(which was validated for incubated eggs; see the electronic sup-
plementary material). Sufficient material was obtained from all
eggs to determine their fertility status, and for fertile eggs where
the entire PVL was retrieved (63 hihi, 16 helmeted honeyeater
(four wild and 12 captive), 37 orange-bellied parrot and 17 Spix’s
macaw eggs) the total number of sperm was counted. This was not
possible for any yellow-shouldered Amazon parrot eggs, for which
only fragments of PVL could be retrieved due to degradation.
In a comparative study, Birkhead et al. [29] found a positive relation-
ship between ovum size and the total sperm number on the PVL in wild
birds, where log10 total sperm number¼ 3.91  log10 ovum diameter2
1.43 (equation applies where 0.9  log10 ovum diameter  1.7; derived
from fig. 1a in Birkhead et al. [29]). From this, we calculated the
expected number of sperm for each species’ ova (given their size) and
compared this with our sperm counts from fertile eggs.
For confirmation of fertilization, the germinal disc (GD) was
stained with Hoechst 33 342, a fluorescent DNA marker, and exam-
ined under a fluorescence microscope for the presence of embryonic
cells [11]. Eggs were scored as either (i) infertile (no cell nuclei in the
GD) or (ii) fertile but having suffered embryo mortality (cell nuclei
in the GD and sperm on the PVL).
3. RESULTS
Sperm were found on the PVL of unhatched eggs in all
five species. The proportion of unhatched eggs that
were fertile was 88 per cent and 100 per cent in the
wild hihi and yellow-shouldered Amazon parrot,
respectively, and 45 per cent and 40 per cent in the
captive Spix’s macaw and orange-bellied parrot,
respectively (table 1). Six of 19 (32%) captive hel-
meted honeyeater eggs were infertile, whereas all four
wild eggs (100%) were fertile. Overall, early embryo
mortality—as opposed to true infertility—was the prin-
cipal cause of hatching failure. However, eggs from the
captive populations had a higher rate of infertility than
those from the wild populations (table 1).
In the orange-bellied parrot and Spix’s macaw, the
number of PVL sperm was markedly lower than pre-
dicted (figure 1). The magnitude of the difference
between observed and predicted sperm numbers was
much smaller for the two passerine species: hihi and
wild helmeted honeyeater sperm numbers were only
slightly lower than predicted (figure 1), and fell
within the 95 per cent prediction limits of Birkhead
et al.’s [29] relationship (figure 1), suggesting that
lack of sperm is not a problem for these birds.
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Twelve eggs from captive helmeted honeyeaters had
fewer sperm than the four from the wild, falling outside
of the 95 per cent prediction limits. Given the relatively
small sample size, however, these data should be
interpreted with caution.
4. DISCUSSION
Between 40 and 100 per cent of apparently ‘infertile’
eggs produced by five endangered bird species were
actually fertile and had numerous sperm associated
with the PVL. This suggests that, particularly in wild
populations, a lack of sperm reaching the ova is not
the only major cause of hatching failure. The captive
orange-bellied parrots and Spix’s macaws were two
exceptions. Both species had a relatively high level of
infertility owing to a lack of sperm.
A number of factors may explain the marked differ-
ence in fertility levels between the orange-bellied
parrots and Spix’s macaws and the other species.
First, Psittaciformes (parrots) may inseminate rela-
tively low numbers of sperm compared with other
taxa. Although total sperm counts were not possible
for the yellow-shouldered Amazon parrot, all eggs
were fertile, suggesting that lack of sperm is not a pro-
blem for this species. However, little is known about
the number of sperm inseminated and reaching the
egg in parrots and this requires further study [31,32].
Second, high levels of inbreeding within a popu-
lation may result in genetic incompatibility between
mates, leading to fertilization failure. All five popu-
lations considered here are known or assumed to be
inbred: the hihi, for example, have been through a
series of population bottlenecks [6] and the Spix’s
macaws originate almost entirely from a single pair
(R. Watson 2010, personal communication). If
inbreeding causes infertility in orange-bellied parrots
and Spix’s macaws, it is reasonable to expect the
same in the other three species. However, infertility
was rare in the other species; most hatching failure
(88–100%) resulted from early embryo death. Since
inbreeding causes the exposure of recessive lethals in
the homozygous state [1], and major genes are
expressed early in development, the high incidence of
early embryo death is perhaps a more expected outcome
of inbreeding depression [23].
Finally, all orange-bellied parrot and Spix’s macaw
samples were from captive birds. Captivity can reduce
reproductive success [33,34], and it is possible that
the lack of sperm in many orange-bellied parrot and
Spix’s macaw eggs was due to either (i) copulation fail-
ure or (ii) low sperm production by males (e.g. due to
stress [35] or inbreeding). Laparoscopies have shown,
for example, that some Spix’s macaw males have
under-developed testes (R. Watson 2010, personal
communication). Problems like these may be less
likely in the wild. Moreover, since these captive birds
were maintained as pairs there was no opportunity for
Table 1. Comparison of apparent and true levels of infertility in five endangered bird species.
species Order
captive (C)
or wild (W)
number of
eggs collected
(no sign of
development)
number of eggs
with no cells in
the GD
(infertile)
number of eggs
with no cells in
the GD or sperm
on the PVL
% infertility of
non-developing
eggsa
helmeted honeyeater
(Lichenostomus
melanops cassidix)
Passeriformes W 4 0 0 0
C 19 6 5 32
hihi (Notiomystis
cincta)
Passeriformes W 120 14 10 12
orange-bellied parrot
(Neophema
chrysogaster)
Psittaciformes C 146 88 82 60
Spix’s macaw
(Cyanopsitta spixii )
Psittaciformes C 40 22 19 55
yellow-shouldered
Amazon parrot
(Amazona
barbadensis)
Psittaciformes W 10 0 0 0
aThe number of eggs with no GD cells as a percentage of the number of non-developing eggs examined.
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Figure 1. The relationship between the number of sperm
found on the PVL of fertile ova and mean ovum diameter
(from [29]) with 95% confidence limits (dashed lines) and
prediction limits (dotted lines; generated using the ‘predict’
function in R v. 2.10.1 [30]). Open circles are data from
[29] and closed shapes are data from this study. Helmeted
honeyeater points are offset along the x-axis for clarity; true
log10 ovum diameter ¼ 0.95.
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females to engage in extra-pair copulations, which
might compensate for insufficient sperm from pair
males [13].
To identify and understand the specific reproductive
problems faced by endangered birds, future studies
should first discriminate between infertility and embryo
death as the cause of hatching failure. Combining this
approach with behavioural observations will allow dis-
crimination between factors such as male infertility,
mate compatibility and environmental conditions as
potential causes of failure. Knowledge of this underlying
biology will increase the efficacy of conservation
strategies, especially captive breeding programmes.
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